The roles of gamma interferon (IFN-␥) and interleukin-12 (IL-12
Chagas' disease, a long-lived infection caused by Trypanosoma cruzi, affects approximately 20 million people in Latin America (50) . Among humans, patients with a wide clinical spectrum of disease are observed, ranging from patients in whom morbidity is apparently absent upon superficial clinical examination methods to patients with severe heart disease leading to heart failure and sudden death (10) . It is clear from different epidemiological studies that a significant proportion of the chagasic population eventually develops the severe manifestations of chronic disease (49) . Although nitroimidazole derivatives have low levels of efficacy, they have been used for the treatment of either acute or recent asymptomatic chronic infections (4) . Such treatment is thought to prevent pathology during the late chronic stages of Chagas' disease.
The specific chemotherapy for human Chagas' disease has several limitations, such as the requirement for long-term administration of toxic nitroheterocyclic derivatives (19) and natural drug resistance even among parasite populations without previous exposure to these drugs (21) . Nevertheless, a considerable percentage of patients treated at the early stages of T. cruzi infection are supposed to be cured on the basis of a combination of negative hemoculture, xenodiagnosis, and serological analysis (22, 27) . In the murine model the efficacy of specific chemotherapy varies according to the T. cruzi strains, and in general, chemotherapy is more efficient during the acute phase of infection (21) .
The host resistance developed during experimental acute Chagas' disease is dependent on innate and specific immunities requiring the combined efforts of several lymphocyte subpopulations including natural killer (NK) (15) , CD4 ϩ T (28), and CD8 ϩ T (40, 41) cells. Infection of macrophages with T. cruzi trypomastigotes or exposure of these cells to parasite products initiates the production of interleukin-12 (IL-12), which triggers the synthesis of gamma interferon (IFN-␥) by different cells from the lymphocytic lineage (2, 13) . The latter cytokine has been closely associated with host resistance during acute infection with T. cruzi. Thus, while treatment with IFN-␥ enhances resistance in mice (34, 44) , treatment with neutralizing doses of anti-IFN-␥ antibodies makes animals more susceptible to T. cruzi infection (37) . In vivo and in vitro experiments suggest that activation of macrophages with IFN-␥ and tumor necrosis factor alpha leads to the induction of nitric oxide synthesis and inhibition of parasite replication during acute infection with T. cruzi in mice (14, 23, 48) .
In the study described here we evaluated the ability of different T. cruzi strains to induce the synthesis of IFN-␥ and IL-12 both in vitro and in vivo. Because these cytokines are important mediators of resistance during acute infection with T. cruzi in mice, we evaluated their roles in mediating and/or enhancing the in vivo trypanosomicidal effects of the nitroheterocyclic derivative benznidazole (Bz) during the early stages of experimental Chagas' disease. Mice were infected with T. cruzi strains showing different patterns of susceptibility and resistance to Bz therapy followed by chemotherapy and concomitant administration with either neutralizing antibodies against IL-12 or IFN-␥. Alternatively, the Bz therapy during acute infection with T. cruzi was associated with recombinant of an anti-IFN-␥ MAb (MAb XMG 1.6) (25) or a control anti-␤-galactosidase MAb (MAb GL-113) (25) . All MAbs were purified from ascites fluid by ammonium sulfate precipitation.
Macrophage preparation. C3H/HeJ mice were used as a source of inflammatory macrophages. Mouse macrophages were harvested from the peritoneal cavities 5 days after injection with 1.5 ml of thioglycolate and were suspended at a concentration of 2 ϫ 10 6 cells/ml in Dulbecco modified Eagle medium (Advanced Biotechnology, Inc., Columbia, Md.) containing 10% fetal calf serum, 1% L-glutamine, and 1% Pen Strep. After 4 h of incubation (37°C and 5% CO 2 ) in a 96-well plate (Costar Cambridge, Mass.), the nonadherent cells were removed and live trypomastigotes were added to the macrophage preparations at different concentrations in the absence or presence of 75 U of IFN-␥/ml. The supernatants were harvested at 48 h after the addition of live trypomastigotes to the macrophage cultures for measurement of IL-12 concentrations (13) .
Measurement of IL-12 (p40) in supernatant from macrophages cultures. The IL-12 measurements were performed with a pair of MAbs against the p40 polypeptide of IL-12 [IL-12 (p40)], which is tightly regulated in macrophages. An enzyme-linked immunosorbent assay was performed with 5 g of an anti-p40 MAb (MAb C17.15.10)/ml as the capture antibody and an biotinylated anti-IL-12 MAb (MAb C15.6.76), diluted 750-fold, as the detection antibody. The development was done with a streptavidin-peroxidase conjugate. The IL-12 (p40) concentration was calculated by reference to a standard curve for murine rIL-12 (13) .
Statistical analysis. An unpaired analysis of variance was performed with INSTAT software (GraphPad, San Diego, Calif.) in order to compare the levels of parasitemia for the animals in different groups. Differences were considered statistically significant when the P value was less than 0.05. The Kruskal-Wallis test was used to compare the mouse survival rates, and the differences were considered statistically significant when the P value was less than 0.05. Chi-square analysis was used to evaluate the differences among different groups of mice (see Table 2 ), and the differences were considered statistically significant when the P value was less than 0.05.
RESULTS

Strains of T. cruzi differentially induce IL-12 synthesis in vitro.
The abilities of different T. cruzi strains to induce the synthesis of IL-12 by macrophages were compared. The T. cruzi strains were divided into three groups according to their drug susceptibilities: (i) susceptible strains, strains CL, Gilmar, and J; (ii) partially resistant strain, strain Y; and (iii) resistant strains, strains Colombiana and VL-10 ( Table 1 ). The strains were susceptible to Bz in vitro, with the 50% inhibitory concentrations varying from 0.9 to 12.0 g/ml on the basis of the parasite strain and the developmental stage (data not shown), thus indicating an intrinsic parasite susceptibility to Bz. We found that all of the different strains of T. cruzi triggered the synthesis of IL-12 by inflammatory macrophages. As reported previously (13), we found that costimulation of macrophages with IFN-␥ (75 U/ml) clearly enhanced the ability of the parasites to induce IL-12 ( Fig. 1) . Interestingly, drug-resistant Fig. 2 indicate that treatment with neutralizing antibodies against IL-12 or IFN-␥ greatly altered the natural course of infection with strain CL or Y, resulting in enhanced levels of parasitemia and an accelerated rate of mortality. The untreated control mice showed the same levels of parasitemia (data not shown). No statistically significant differences were observed when mice infected with strain Colombiana were treated with either the anti-IL-12 or the anti-IFN-␥ MAb. The asterisks in Figure 2 indicate that the differences between experimental groups (i.e., treated with anti-cytokine MAbs) are statistically significant (P Ͻ 0.05) compared to the results for the control group (i.e., treated with the control MAb). The statistical analysis of the mouse survival rates indicates that (i) the group of animals infected with strain CL and treated with either anti-IL-12 or anti-IFN-␥ had a higher rate of mortality than the group treated with the control MAb (P Ͻ 0.05) and (ii) the group of animals infected with strain Y and treated with anti-IFN-␥ (but not with anti-IL-12) had a higher rate of mortality than the group treated with the control MAb (P Ͻ 0.05). No statistically significant differences in terms of levels of parasitemia or mortality rates were observed among different groups of animals infected with T. cruzi Colombiana. Thus, after treatment with anti-IL-12 the drug-susceptible strains of T. cruzi became much more virulent. In contrast, when anti-IL-12 was administered to mice infected with the Colombiana strain, parasite virulence increased only slightly. These findings indicate that the drug-resistant strain of T. cruzi is a poor inducer of IL-12 synthesis in vivo.
Parasite-induced IL-12 and IFN-␥ enhance trypanosomicidal effect of Bz. It has previously been reported (6, 43) that treatment with nitroheterocyclic derivatives is less effective in immunodeficient murine hosts than mice with normal immune system infected with T. cruzi. In our next set of experiments, we investigated whether the endogenously produced IL-12 and IFN-␥ are important mediators of the in vivo trypanosomicidal effect of Bz. Treatment with the optimal doses of Bz (100 mg/kg/day) decreases the level of parasitemia to undetectable levels during the acute phase of infection with the different T.
FIG. 1. Induction of IL-12 (p40) synthesis by inflammatory macrophages exposed to live trypomastigotes from different strains of T. cruzi.
Macrophages were cultured in the presence (closed symbols) or absence (open symbols) of IFN-␥ (75 U/ml) and were exposed to different ratios of live trypomastigotes from various T. cruzi strains. The levels of IL-12 (p40) in the supernatant were measured 48 h after macrophage exposure to parasite. The Gilmar, CL, and J strains were drug-susceptible parasites (‚, OE); the Y strain was a partially resistant parasite (ᮀ, s); and the VL-10 and Colombiana strains were drugresistant parasites (E, F).
FIG. 2. Effect of in vivo neutralization of IL-12 or IFN-␥ on resistance to
acute infection with different strains of T. cruzi. Swiss mice were infected with 5,000 trypomastigotes of T. cruzi CL, Y, or Colombiana. Animals were treated with either an unrelated MAb (s, black bars), an anti-IFN-␥ MAb (E, white bars), or an anti-IL-12 MAb ( , gray bars) 1 day prior to infection and once a week afterward. The levels of parasitemia (left panels) and the rates of mortality (right panels) were monitored daily until the end of the experiment. For each datum point presented in the parasitemia curve the average and positive standard deviation are shown for three to six animals per group. Similar numbers of animals were used for the mortality study. This experiment was repeated once and yielded identical results. Note that the scale indicating the level of parasitemia (left panels) is different for each T. cruzi strain.
cruzi strains used. While aborting the infection with strain CL (a drug-susceptible strain), treatment with the optimal dose of Bz results in the parasitological cure of 50% of the mice infected with T. cruzi Y (a partially drug-resistant strain) and less than 20% of the mice infected with T. cruzi Colombiana (a drug-resistant strain) ( Table 1 ). In contrast, treatment with a suboptimal dose of Bz (25 mg/kg/day) lowers the level of parasitemia but does not eliminate the patent parasitemia caused by all different T. cruzi strains.
In order to study the role of endogenous IL-12 and IFN-␥ in mediating the trypanosomicidal effects of Bz, mice were infected with T. cruzi CL, Y, or Colombiana and were treated with the optimal or a suboptimal dose of Bz. Different groups of mice treated with Bz also received simultaneous treatment with either an unrelated MAb, anti-IFN-␥, or anti-IL-12, and the levels of parasitemia and the rates of mortality were evaluated. The experiments whose results are presented in Fig. 3 indicate that for animals receiving 100 mg of Bz/day, treatment with either anti-IFN-␥ or anti-IL-12 did not affect the parasitemia levels in animals infected with any of the three T. cruzi strains used, but it slightly enhanced the mortality rate for animals infected with strain Y or Colombiana. No statistically significant differences were observed in terms of the levels of parasitemia or the rates of mortality when different groups of animals infected with T. cruzi Colombiana, Y, or CL received the optimal dose of Bz and were treated with anti-cytokine MAbs.
In animals that were infected with strain Y and that received a suboptimal dose of Bz, a more dramatic effect of either anti-IL-12 or anti-IFN-␥ treatment was observed (Fig. 4) . Thus, after stopping Bz treatment, animals treated with anti-IFN-␥ MAbs had higher levels of parasitemia than animals treated with an unrelated MAb (data not shown) and higher rates of mortality than animals treated with Bz alone (P Ͻ 0.05). However, the enhancement of the level of parasitemia in animals treated with anticytokine MAbs was observed only after treatment was stopped at day 7 postinfection. In the case of animals infected with strain CL, treatment with either anti-IFN-␥ or anti-IL-12 also slightly enhanced the levels of para- or an anti-IL-12 MAb (‚, dotted bars) 1 day prior to infection and once a week afterward. The levels of parasitemia (left panels) and the rates of mortality (right panels) were monitored daily until the end of the experiment. Infected and nontreated animals were used as controls (s, black bars). For each datum point presented in the parasitemia curve the average and positive standard deviation are shown for three to five animals per group. Similar numbers of animals were used for the mortality study. This experiment was repeated once and yielded identical results. Note that the scale indicating the level of parasitemia (left panels) is different for each T. cruzi strain. sitemia after treatment with Bz at 25 mg/kg/day was stopped; however, no mortality was observed in this group of animals (Fig. 4) . This observation may be explained in part by the fact that strain CL is highly susceptible to drug treatment. Thus, treatment with Bz even at a dosage of 25 mg/kg/day, although not curative, may be sufficient to reduce parasitemia levels in vivo. These results suggest that although the trypanosomicidal effect of Bz is dependent on IL-12 and IFN-␥, in some instances these cytokines may help Bz treatment to clear T. cruzi from the host.
rIL-12 enhances the efficacy of Bz treatment in animals infected with either resistant and partially resistant strains of T. cruzi. As indicated above, endogenous IL-12 and IFN-␥ may help to control T. cruzi infection in animals treated with Bz and drug-resistant strains of T. cruzi appear to be poor inducers of IL-12 synthesis both in vitro and in vivo. Therefore, we decided to treat the mice infected with T. cruzi Y or Colombiana with rIL-12 and Bz concomitantly. In our initial experiments (Fig.  5 ), animals were infected with either T. cruzi Y or Colombiana and treated with a suboptimal dosage of Bz (25 mg/kg/day) plus five consecutive doses of 250 ng of rIL-12 (per mouse) e.o.d. As shown in Fig. 5 , animals that received treatment with rIL-12 plus Bz had lower levels of parasitemia as well as delayed mortality compared to the levels of parasitemia and times to mortality for untreated animals or animals treated with rIL-12 alone or Bz alone. The group of animals infected with strain Y and treated with Bz presented with higher levels of parasitemia (days 7, 8, and 10) than animals treated with Bz plus rIL-12 (Fig. 5 ). The differences in the levels of parasitemia were also statistically significant when T. cruzi Colombianainfected animals receiving Bz alone were compared with those treated with Bz plus rIL-12 (days 12, 14, 15, 16, 17, 19, and 20) (P Ͻ 0.05) (Fig. 5) . The group of animals infected with strain Colombiana and treated with Bz plus rIL-12 (but not Bz alone) had lower rates of mortality than the untreated control group (P Ͻ 0.05).
Our next step was to investigate whether the combined therapy with rIL-12 and Bz would enhance the rate of parasitological cure in mice infected with strain Colombiana, the highly resistant strain of T. cruzi. Animals were infected with 10,000 trypomastigotes of strain Colombiana and were treated with the optimal dosage of Bz (100 mg/kg/day) for 20 days. At the same time animals from different groups received seven doses of PBS or rIL-12 at either 100 or 250 ng/mouse every other day. The parasitological cure was evaluated by hemoculture, serology, and PCR at 2, 4, and 4 months, respectively, after stopping treatment. The results of hemoculture (Table 2) indicate that the combination of rIL-12 and Bz enhanced the levels of parasitological cure (9 of 13 and 5 of 5 mice treated with 100 and 250 ng of rIL-12, respectively) compared to that for animals treated with Bz only (3 of 15 mice). These results were also confirmed by serology. These differences were statistically significant (P Ͻ 0.01). Among the animals negative by hemoculture, only one was positive for specific antibodies to epimastigotes in an immunofluorescence assay (Table 2 ). This mouse belonged to the group of animals treated with Bz alone. All cruzi Y or Colombiana and were treated with Bz alone (25 mg/kg/day; E, white bars), Bz (25 mg/kg/day) plus rIL-12 (250 ng/mouse every other day) ( , gray bars), or rIL-12 alone (250 ng/mouse every other day; ‚, dotted bars). The levels of parasitemia (left panels) and the rates of mortality (right panels) were monitored daily until the end of the experiment. Infected and nontreated animals were used as controls (s, black bars). For each datum point presented in the parasitemia curve the average and positive standard deviation are shown for four to six animals per group. Similar numbers of animals were used for the mortality study. This experiment was repeated once and yielded identical results. Note that the scale indicating the level of parasitemia (left panels) is different for each T. cruzi strain. One asterisk indicates that the differences between experimental groups (i.e., treated with Bz or Bz plus rIL-12) are statistically significant (P Ͻ 0.05) compared to the results for the control group (i.e., untreated mice). Two asterisks indicate that the differences were statistically significant when infected animals treated with Bz and infected animals treated with Bz plus rIL-12 are compared.
other animals, which belonged to the group of animals treated with Bz alone, Bz plus rIL-12 (100 ng/mouse/e.o.d.), or Bz plus rIL-12 (250 ng/mouse/e.o.d.), had negative results by hemoculture and negative results by an immunofluorescence assay. Concomitant treatment with Bz and rIL-12 increased the rate of cure (with 100 ng/mouse, 9 of 13 [69.2%] mice; with 250 ng/mouse, 5 of 5 [100%] mice) but also enhanced the rate of mortality among the mice when the higher dose of rIL-12 was used (P Ͻ 0.01). Although two mice from the group of animals treated with Bz plus rIL-12 (100 ng/mouse) died, the number of survivors was not statistically significant compared with the numbers of survivors among the animals treated with Bz alone.
Samples from mice with negative hemoculture results were subjected to PCR with DNA extracted from blood and heart tissue used as a template. All PCRs with DNA from the blood of mice in the experimental groups (i.e., treated with Bz alone or Bz plus rIL-12 at 100 and 250 ng/mouse) were negative (Table 2) . Nevertheless, the PCRs with DNA from heart tissue detected parasite DNA in 3 of 17 mice with negative hemoculture results. Figure 6 shows representative results of a T. cruzispecific PCR with the HGPRT primers and DNA extracted from the heart tissue of mice infected with T. cruzi Colombiana and treated with Bz or Bz plus rIL-12. The PCR was positive for the mice chronically infected and untreated (lanes 2 and 3), one mouse treated with Bz alone (lane 4), and two mice treated with Bz plus rIL-12 (lanes 5 and 6). The mouse that was treated with Bz alone and that had a positive PCR result was the same one that was indirect immunofluorescence positive. The negative results of the parasite-specific PCR with DNA from heart tissue from mice receiving combined therapy are shown in lanes 7 to 11. Lanes 12 and 13 present the results for two uninfected mice, and lanes 14 and 15 are the positive (T. cruzi DNA) and negative (without DNA) controls of the PCR, respectively.
Because one mouse from the group treated with Bz alone and two mice from the group treated with Bz plus rIL-12 (100 ng/mouse) were positive by PCR with DNA from heart tissue, the statistical analysis was repeated. The difference for the cured animals remained statistically significant (P Ͻ 0.05) compared the results for the groups treated with Bz alone or Bz plus rIL-12 (100 ng/mouse).
DISCUSSION
The natural transmission of T. cruzi has been controlled in different countries of South America (17, 49, 50) . However, Chagas' disease is still a major public health problem even in those countries where natural transmission has been controlled due to the low level of efficacy of specific chemotherapy against this protozoan. Approximately 20 million persons in Latin America have long-term T. cruzi infection (50) , and 20 to 30% of these individuals will eventually develop one of the symptomatic forms of disease (i.e., cardiac and/or digestive forms of disease) (10) . Thus, at the moment a major goal of research on Chagas' disease is the development of specific chemotherapy that can eliminate the infection from individuals who are acutely or chronically infected but who have not yet developed cardiac and/or digestive forms of disease.
One of the strategies is to search for new drugs which are more effective for the treatment of the acute and chronic forms of Chagas' disease (47) . An alternative approach that we have taken in our laboratories is to use the combination of different drugs known to have trypanosomicidal activities in vivo. Under different circumstances, the use of combinations of drugs leads to a higher level of efficacy in eliminating parasitic infection and requires lower doses during chemotherapy (7). In the study described here we decided to evaluate how the efficacy of Bz is affected by the cytokines IL-12 and IFN-␥, which are known to promote resistance during the acute phase of experimental Chagas' disease (2, 15, 26, 37) . Several studies have shown that treatment with rIL-12 is partially protective against different parasitic (25, 39) , bacterial (46) , fungal (51) , or viral (32) infections. Most of those studies indicate that the protective effects of rIL-12 are mediated by IFN-␥ (8, 45) . More importantly, the combination of rIL-12 with specific chemotherapy has been shown to enhance the efficacies of drugs in animals infected with either Cryptococcus spp. (16), Leishmania major (29) , or Histoplasma capsulatum (52) .
Among the several drugs that are used for the treatment of experimental Chagas' disease, the nitroheterocyclic derivatives have been the most investigated and have been used to treat human disease. The mechanism of action of such drugs is largely unknown. However, some studies suggest that Bz may inhibit T. cruzi respiration (18) .
Different studies performed with either humans and murine models indicate that the efficacy of specific chemotherapy against Chagas' disease varies according to the T. cruzi strains. On the basis of their susceptibility or resistance to Bz treatment, T. cruzi strains can be divided into the following three groups: (i) resistant, (ii) partially resistant, and (iii) susceptible to treatment (21) . Other studies have also demonstrated that in both humans and mice, chemotherapy with Bz is much more efficient during the acute stages than the chronic stages of infection with T. cruzi (4, 21) .
In fact, it is known that during the acute phase of Chagas' disease a high level of activation of cells from the immune system, including macrophages, NK cells, B cells, and T lymphocytes, occurs (15, 28, 33, 40) . It is noteworthy that recent studies indicate that blood trypomastigote and freshly released intracellular amastigotes have the ability to initiate the synthesis of IL-12 and other cytokines by macrophages (2, 13, 26) . The strong activation of the immune system observed during the acute phase of Chagas' disease is due at least in part to the release of proinflammatory cytokines induced by T. cruzi parasites. For instance, IL-12 is a potent activator of NK cells and T lymphocytes, which trigger the synthesis of IFN-␥ (8, 45) , which is a potent macrophage activator and which enhances the synthesis of IL-12. Different studies indicate the importance of macrophage activation by IFN-␥ as a major mechanism responsible for controlling parasite replication via the generation of free radicals such as reactive oxygen intermediates and reactive nitrogen intermediates during the acute phase of infection in the murine model (1, 23, 24, 30, 31, 48) .
Considering that the efficacy of treatment with Bz is much higher during the acute stage of infection, when the cellular compartment of the immune system is highly activated and armed to fight T. cruzi infection, we propose that therapy with IL-12 may enhance the parasiticidal effects of Bz through the induction of IFN-␥ by NK cells and T lymphocytes, culminating in macrophage activation. Interestingly, the results presented here indicate a higher degree of efficacy of in vivo treatment with Bz when mice are experimentally infected with parasite strains, such as strains CL and Y, which are stronger inducers of IL-12 synthesis by macrophages. Moreover, we demonstrate that mice infected with strain Colombiana, a drug-resistant T. cruzi strain, develop a severe and fatal cardiac disease, and parasitologic cure can be achieved in these mice by providing combined treatment with the trypanosomicidal drug Bz and rIL-12. Thus, our data indicate that IL-12 enhances the efficacy of Bz therapy against T. cruzi. The enhancement of the effects of Bz in animals infected with a naturally resistant strain of T. cruzi by coadministration of rIL-12 was evaluated by hemoculture, serology, and PCR. Most of the animals which were negative by hemoculture were also negative by serology as well as PCR. Among nine animals that were treated with Bz and rIL-12 and that were negative by hemoculture, two had negative PCR results when DNA extracted from blood was used but positive PCR results when DNA extracted from heart tissue was used. Although the results conflict, we considered these animals to be cured, since their serology was clearly negative. It is possible that residual parasite DNA may remain in the cardiac tissue even after the elimination of infection, as reported previously for parasite antigens (5), or that T. cruzi DNA may integrate into the genome of the host cell (42) .
Although the efficacy of Bz was enhanced by rIL-12 and treatment with Bz has a higher degree of efficacy in animals infected with T. cruzi strains which are better inducers of IFN-␥, it is important to mention that we were unable to block the effects of Bz therapy with neutralizing antibodies against either IFN-␥ or IL-12. Considering that in many different systems it has been demonstrated that the antimicrobial effects of IL-12 are blocked by simultaneous treatment with neutralizing anti-IFN-␥ antibodies (8, 45) , we believe that the mechanisms of action of Bz and IL-12 are distinct. Although rather speculative, the enhancement of the action of Bz by IL-12 may be related to the ability of IL-12 to induce IFN-␥, which, in return, further enhances the synthesis of free radicals by macrophages exposed to T. cruzi products (1, 23, 24, 30, 31, 48) .
Finally, our studies suggest that the ability of T. cruzi strains to evade early induction of IL-12 and IFN-␥ may be an important characteristic of highly virulent parasites and may be responsible at least in part for parasite resistance to specific chemotherapeutic agents during the acute phase of Chagas' disease.
